lectrochemical energy storage has been receiving great attention for potential applications in electric vehicles and renewable energy systems from intermittent wind and solar sources. Currently, Li-ion batteries are being considered as the leading candidates for hybrid, plug-in hybrid, and all electrical vehicles, and possibly for utility applications as well. However, many potential electrode materials (e.g., oxide materials) in Li-ion batteries are limited by slow Li-ion diffusion, poor electron transport in electrodes, and increased resistance at the interface of electrode/electrolyte at high chargeϪdischarge rates.
lectrochemical energy storage has been receiving great attention for potential applications in electric vehicles and renewable energy systems from intermittent wind and solar sources. Currently, Li-ion batteries are being considered as the leading candidates for hybrid, plug-in hybrid, and all electrical vehicles, and possibly for utility applications as well. However, many potential electrode materials (e.g., oxide materials) in Li-ion batteries are limited by slow Li-ion diffusion, poor electron transport in electrodes, and increased resistance at the interface of electrode/electrolyte at high chargeϪdischarge rates. 1, 2 To improve the chargeϪdischarge rate performance of Li-ion batteries, extensive work has focused on improving Li-ion and/or electron transport in electrodes. 3 The use of nanostructures (e.g., nanoscale size or nanoporous structure) has been widely investigated to improve the Li-ion transport in electrode by shortening the Li-ion insertion/extraction pathway. 3, 4 In addition, a variety of approaches have also been developed to increase electron transport in the electrode materials, such as conductive coating (e.g., carbon 5Ϫ7 ), and uses of conductive additives (e.g., conductive oxide wires or networks, 8, 9 and conductive polymers 10, 11 ). Recently, TiO 2 has been extensively studied to demonstrate the effectiveness of nanostructure and conductive coating.
12Ϫ21 TiO 2 is studied because it is an abundant, low cost, and environmentally benign material. TiO 2 is also structurally stable during Liinsertion/extraction and is intrinsically safe by avoiding Li electrochemical deposition. These properties make TiO 2 particularly attractive for large scale energy storage.
Another way to improve the Li-ion insertion properties is to introduce hybrid nanostructured electrodes that interconnect nanostructured electrode materials with conductive additive nanophases. For example, hybrid nanostructures, such as V 2 O 5 -carbon nanotube (CNT) or anatase TiO 2 ϪCNT hybrids, LiFePO 4 ϪRuO 2 nanocomposite, and anatase TiO 2 ϪRuO 2 nanocomposite, 22Ϫ25 combined with conventional carbon additives (e.g., Super P carbon or acetylene black), have demonstrated an increased Li-ion insertion/extraction capacity in the hybrid electrodes at high charge/discharge rates. While the hybrids or nanocomposites offer significant advantages, some of the candidate materials to improve the conductivity, such as RuO 2 and CNTs, 24, 25 are inherently expensive. In addition, conventional carbon additives at high loading content (20 wt % or more) are still needed to ensure good electron transport in fabricated electrodes. 24, 25 To improve high-rate performance and reduce cost of the electrochemically active materials, it is important to identify high surface area, inexpensive, and highly conductive nanostructured materials that can be integrated with electrochemical active materials at nanoscale.
Graphene as a two-dimensional macromolecular sheet of carbon atoms with a honeycomb structure has excellent electronic conductivity and mechanical properties, 26Ϫ29 and may be the ideal conductive additive for hybrid nanostructured electrodes. Other advantages of graphene include high surface area (theoretical value of 2630 m 2 /g) 30 for improved interfacial contact and potential for low manufacturing cost as compared to CNTs, especially when it is produced as functionalized graphene sheets through the thermal expansion of graphite oxide. 31, 32 Recently, high-surface-area graphene sheets have been studied for direct Li-ion storage by expanding the layer spacing between the graphene sheets. 33 In addition, graphene has been used to form composite materials with SnO 2 for improving capacity and cyclic stability of the anode materials. 34 In this paper, we demonstrate the use of graphene as a conductive additive in self-assembled hybrid nanostructures to enhance high rate performance of electrochemical active materials. We choose metal oxide TiO 2 as a model electrochemical active oxide material, but this method can be applied to other materials as well. Several methods have been reported to synthesize metal oxideϪgraphene nanocomposites (e.g., with TiO 2 , Al 2 O 3 , SnO 2 , and clay).
34Ϫ37 For example, TiO 2 particles and graphene oxide colloids have been mixed ultrasonically followed by the reduction of graphene oxide to yield TiO 2 Ϫgraphene nanocomposites. 35 Preformed SnO 2 nanoparticles have been chemically mixed with graphene to form composite materials. 34 Here we report a one-step synthesis approach to prepare metal oxideϪgraphene hybrid nanostructures. In our system, the reduced and highly conductive form of graphene is hydrophobic and oxides are hydrophilic. To ensure uniform coating of the metal oxide on graphene surfaces, we use an approach akin to the pioneering studies done with atomic force microscopy (AFM) on the self-assembly of surfactant micelles and their hybrid nanostructures with inorganics on highly oriented pyrolytic graphite. 38, 39 The use of surfactants not only solves the hydrophobic/hydrophilic incompatibility problem, but also provides the molecular template for controlled nucleation and growth of the nanostructured inorganics. 38, 40 This approach, schematically illustrated in Scheme 1, starts with the dispersion of the graphene sheets with an anionic sulfate surfactant (i.e., sodium dodecyl sulfate) and proceeds with the self-assembly of surfactants with the metal oxide precursor and the in situ crystallization of metal oxide precursors to produce the desired oxide phase and morphology.
RESULTS AND DISCUSSION
Self-Assembly of Metal Oxides and Functionalized Graphene Sheets. Functionalized graphene sheets (FGSs) used in this study were prepared through the thermal expansion of graphite oxide. 31, 32 In comparison to the graphene produced by the chemical reduction of graphene oxide, 41, 42 graphene prepared by the thermal expansion approach can have tunable C/O ratios ranging from 10 to 500 and thus its conductivity can be tuned to higher values. FGSs processing starts with chemical oxidation of graphite flakes to increase the c-axis spacing from 0.34 to 0.7 nm as described elsewhere. 31, 32 The resultant graphite oxide is then split by a rapid thermal expansion to yield separated graphene sheets. X-ray photoemission spectroscopy (XPS) of FGSs shows a sharp C1s peak indicating good sp 2 conjugation ( Figure S1 in Supporting Information (SI)). A small shoulder at 286 eV indicates the existence of some CϪO bonds corresponding to the epoxy and hydroxyl functional groups on FGSs. Sodium dodecyl www.acsnano.org sulfate (SDS)-FGS aqueous dispersions were prepared by ultrasonication. Similar to the colloidal stabilization of CNTs using SDS, 43, 44 the SDS-FGS aqueous dispersions were stable. Only minor sedimentation was observed after a week at room temperature ( Figure 1a ). UVϪvis spectrum of the SDS-FGS dispersion showed an absorption peak at 275 nm with a broad absorption background ( Figure 1b ) that is consistent with that of aqueous stable graphene sheets. 45 Raman spectra of FGSs and calcined TiO 2 ϪFGS showed similar G and D bands structure of carbon, indicating that the structure of graphene is maintained during the synthesis procedure ( Figure S2 in SI). A mild, low-temperature (below 100°C) crystallization process was carried out to form crystalline TiO 2 with controlled crystalline phase (i.e., rutile and anatase) on the graphene sheets (see Methods). 46, 47 The low temperature condition was also important in preventing aggregation of graphene sheets at elevated temperatures. 48 Consistent with our previous studies by the lowtemperature oxidative hydrolysis and crystallization, rutile TiO 2 ϪFGS is obtained with a minor anatase phase. To obtain anatase TiO 2 ϪFGS, additional sodium sulfate was added to the solution to promote the formation of anatase phase. 49 The XRD patterns (Figure 2 ) of the TiO 2 ϪFGS hybrids show the formation of nanocrystalline rutile and anatase metal oxides with an estimated crystalline domain size of 6 and 5 nm, respectively.
Characterization of Hybrid Nanostructures. Typical morphology of FGSs is shown in the transmission electron microscopy (TEM) image of Figure 3a . The free-standing 2D FGSs are not perfectly flat but display intrinsic microscopic roughening and out-of-plane deformations (wrinkles). More than 80% of the FGSs has been shown to be single sheets by AFM characterization, 31 when they were deposited onto an atomically smooth, highly oriented pyrolytic carbon (HOPG) template. Some regions appeared as multilayers in the TEM images, which may represent the parts that either have not been fully split apart or the parts that have restacked together due to capillary and the van der Waals forces during the drying process. Figure 3c . The nanostructured TiO 2 is composed of rodlike rutile nanocrystals organized in parallel interspaced with the SDS surfactants, which is consistent with our previous studies in the formation of mesoporous rutile. 47 The SEM image of Figure 3d shows randomly oriented rod-like nanostructured rutile lying on the FGSs. The cross-section TEM image further confirms that the nanostructured rutile mostly lies on the FGSs with the rod length parallel to the graphene surface (Figure 3e ). It is important to note that the SDS surfactant determines the interfacial interactions between graphene and the oxide materials in promoting the formation of TiO 2 -hybrid nanostructures. When the surfactant molecules are added, they can adsorb onto graphene through the hydrophobic tails 39 making FGSs highly dispersed and interact with the oxide precursor through the hydrophilic head groups. The cooperative interactions between the surfactant, the graphene, and the oxide precursors lead to the homogeneous mixing of the components, in which the hydrophobic graphene most likely resides in the hydrophobic domains of the SDS micelles. As nanocrystalline TiO 2 formed, as-grown nanoparticles are then coated to the graphene surfaces since sulfate head groups have strong bonding with TiO 2 . 50 Without the surfactant, some of the surface functional sites (e.g., carboxylate, epoxy, and hydroxyl groups) on FGSs may provide bonding to TiO 2 nanoparticles. However, only a very small amount of the metal oxides will then be attached to graphene through such interactions because of the low number density of these functional groups on FGSs. Thus, in the control samples without the surfactant, FGSs are barely covered with the metal oxides ( Figure S3 in SI) along with phase separation from TiO 2 . This indicates the important role of SDS in the formation of the self-assembled hybrid nanostructures.
Li-Ion Insertion/Extraction in Hybrid Nanostructures. To examine the effectiveness of FGSs in improving the rate capability of the electrode, we investigated the Li-ion insertion/extraction properties in the TiO 2 ϪFGS hybrid materials. The electrodes were fabricated in a conventional way by mixing the hybrid materials with Super P carbon additive and a PVDF binder and thus tested in Li-ion battery coin cell (see Methods). The rutile TiO 2 ϪFGS hybrid showed a slope profile of voltagecapacity relationship at both the charge and discharge state (Figure 4a ), similar to that of control rutile TiO 2 and nanostructured rutile studied previously. 17 As shown in Figure 4b , with the incorporation of FGSs, specific capacity of rutile TiO 2 in the hybrids (0.5 wt % FGSs) increased at all charge/discharge rates compared with the control rutile TiO 2 . The relative increase in specific capacity is especially larger at higher rates. For instance, at a rate of 30C (2 min of charging or discharging), the specific capacity of the rutile TiO 2 ϪFGS hybrid material is 87 mAh/g which is more than double the high rate capacity (35 mAh/g) of the control rutile TiO 2 (Figure 4b) .
Voltage-capacity profile of anatase TiO 2 ϪFGS (2.5 wt % FGSs) at C/5 rate shows plateaus around 1.8 V (discharge process) and 1.9 V (charge process) in Figure  4d , which is similar to that of control anatase TiO 2 and nanostructured anatase. 25 The plateaus are related to the phase transition between the tetragonal and orthorhombic phases with Li insertion into anatase TiO 2 . Similar to rutile TiO 2 ϪFGS, specific capacity of the anatase TiO 2 ϪFGS hybrid is enhanced at all www.acsnano.org chargeϪdischarge rates (Figure 4e ). The specific capacity of the anatase TiO 2 ϪFGS at the rate of 30C is as high as 96 mAh/g compared with 25 mAh/g of control anatase TiO 2 . Furthermore, the Coulombic efficiencies of TiO 2 ϪFGS hybrids at various charge/discharge rates are greater than 98% ( Figure S4 in SI). Both rutile and anatase TiO 2 ϪFGS hybrids show good capacity retention of the Li-ion insertion/extraction over 100 cycles at 1C rate, as shown in Figure 4c and 4f.
To identify the capacity contribution from FGSs, Liion insertion/extraction behavior of the FGSs was also studied. The initial capacity of FGSs of 100 mAh/g with 50% irreversible loss is observed between 1ϳ3 V potential window applied, which is consistent with a recent study of Li-ion storage in graphene. 33 However, the specific capacity of FGSs rapidly decreases to 25 mAh/g within 10 cycles. At higher charge/discharge rates, the capacity of FGSs has almost negligible Li-ion insertion ( Figure S5 in SI). For 1 wt % FGSs hybrids, capacity contribution from FGSs itself after 2 cycles can be a maximum value of 0.4 mAh/g. Thus, the increase of the specific capacity at high rate is not attributed to the capacity of the graphene additive itself in the hybrid materials.
To further understand the improved high-rate performance, electrochemical impedance spectroscopy measurements on rutile TiO 2 ϪFGS hybrid materials were performed after cycles. The Nyquist plots of the rutile TiO 2 ϪFGS electrode materials with different percentage of graphene cycled in electrolyte (Figure 5a ) all show depressed semicycles at high frequencies. As electrolyte and electrode fabrication are similar between each electrode, the high frequency semicircle should relate to the resistance of electrode. We estimate that the resistivity of the cells decreased from 93 ⍀ for the pure TiO 2 to 73 ⍀ with the addition of only 0.5 wt % graphene. Therefore, improved high charge rate performance may be attributed to the increased conductivity of the hybrid materials, but the synergistic effect on electron and Li ion transport needs to be more carefully studied.
By increasing the graphene percentage in the hybrid materials further, the specific capacity is slightly increased, e.g., to 93 mAh/g in the hybrid material with 5 wt % FGSs, indicating that a kinetic capacity limitation may be reached by only improving the electrode conductivity with the incorporation of FGSs (Figure 5b ). Rutile TiO 2 ϪCNT hybrids prepared and tested under similar conditions showed less increase in specific capacity (yellow bar in Figure 5b) . Similarly, hybrid nanostructures prepared using solution reduced graphene oxides also showed even less improved performance, indicating the importance of the highly conducting graphene phase of FGSs.
To study the properties of electrode materials without any Super P carbon, we also compared Li-ion insertion/extraction properties of the rutile TiO 2 ϪFGS (10 wt % graphene) and control rutile TiO 2 with 10 wt % Super P at high chargeϪdischarge rates. The hybrid material showed a much higher capacity at all chargeϪdischarge rates, as shown in Figure 6 . This result indeed confirms that the graphene in the self- assembled hybrid materials is more effective than the commonly used Super P carbon materials in improving high rate performance of the electrode materials.
The high rate performance is important for applications where fast charge and discharge is needed, such as in load leveling utility applications. The high rate properties obtained from the graphene nanocomposite materials are comparable to some of the best results reported in the literature using RuO 2 or carbon nanotubes with a higher carbon (Super P) additive content. 24, 25 The simple self-assembly approach, and the potential low manufacturing cost of graphene may provide a new pathway for large scale applications of novel hybrid nanocomposite materials for energy storage.
CONCLUSIONS
In summary, we developed an anionic surfactant mediated growth of self-assembled metal oxideϪgraphene hybrid nanostructures. The nanostructured TiO 2 Ϫgraphene hybrid materials show enhanced Li-ion insertion/extraction kinetics in TiO 2 , especially at high charge/discharge rates. This demonstrates that functionalized graphene sheets are a promising conductive additive for Li-ion battery electrode materials. Although our current studies only present results on rutile and anatase TiO 2 Ϫgraphene hybrid systems, we expect that the self-assembly approach discussed here can be applied to other metal oxide-graphene hybrid nanostructures to study synergetic properties and improve the performance of oxide electrodes in electrochemical energy storage and conversion.
METHODS

Synthesis Procedures.
In a typical preparation of rutile TiO 2 ϪFGS hybrid materials (e.g., 0.5 wt % FGSs), 2.4 mg of FGSs and 3 mL of SDS aqueous solution (0.5 mol/L) were mixed together. The mixture was diluted to 15 mL and sonicated for 10Ϫ15 min (Branson Sonifer S-450A, 400 W). A 25 mL portion of TiCl 3 (0.12 mol/L) aqueous solution was added into as-prepared SDSϪFGS dispersions while stirring. Then, 2.5 mL of H 2 O 2 (1 wt %) was added dropwise followed by deionized water under vigorous stirring until reaching a total volume of 80 mL. Similarly, 0.8, 26.4, and 60 mg of FGSs were used to prepare the hybrid materials with 0.17, 5, and 10 wt % FGSs, respectively. Rutile TiO 2 ϪCNT (0.5 wt % carbon nanotubes) hybrid materials were prepared using corresponding single-wall CNTs (2.4 mg) according to the above method. In a typical preparation of anatase TiO 2 ϪFGS hybrid materials (e.g., 2.5 wt % FGSs), 13 mg of FGSs, and 0.6 mL of SDS aqueous solution (0.5 mol/L) were mixed and sonicated to prepare an SDSϪFGS dispersion. A 25 mL portion of TiCl 3 (0.12 mol/L) aqueous solution was added into as-prepared SDSϪFGS dispersions while stirring, followed by the addition of 5 mL of 0.6 M Na 2 SO 4 ; 2.5 mL of H 2 O 2 (1 wt %) was then added dropwise followed by addition of deionized water under vigorous stirring until reaching a total volume of 80 mL.
All of these resulting mixtures were further stirred in a sealed polypropylene flask at 90°C for 16 h. The precipitates were separated by centrifuge followed by washing with deionized water and ethanol. The centrifuging and washing processes were repeated three times. The product was then dried in a vacuum oven at 70°C overnight and subsequently calcined in static air at 400°C for 2 h. The thermal gravimetric analysis (TGA) indicated approximately 50 wt % percentage loss of FGSs during calcination in air at 400°C for 2 h (Figure S6 in SI) . Weigh percentage of graphene in the hybrid materials is correspondingly normalized, which is consistent with TGA of the hybrid materials.
Characterization. XRD patterns were obtained on a Philips Xpert X-ray diffractometer using Cu K␣ radiation at ϭ 1.54 Å. The TEM imaging was performed on a JEOL JSM-2010 TEM operated at 200 kV. SEM images were obtained on an FEI Helios Nanolab dual-beam focused ion beam/scanning electron microscope (FIB/SEM) operated at 2 kV. XPS characterization was performed using a Physical Electronics Quantum 2000 scanning ESCA microprobe with a focused monochromatic Al K␣ X-ray (1486.7 eV) source and a spherical section analyzer. Electrochemical experiments were performed with coin cells (type 2335, half-cell) using Li foil as counter-electrode. The working electrode was prepared using the mixture of calcined TiO 2 ϪFGS or control TiO 2 , Super P and poly (vinylidene fluoride) (PVDF) binder dispersed in N-methylpyrrolidone (NMP) solution. For the preparation of rutile TiO 2 electrode (less than 5 wt % graphene), the mass ratio of rutile TiO 2 Ϫhybrid or control rutile TiO 2 , Super P, and PVDF was 80:10:10. For the preparation of anatase TiO 2 electrode, the mass ratio was 70:20:10 and 80:10:10 for control anatase TiO 2 and anatase TiO 2 ϪFGS hybrid (2.5 wt% FGSs), respectively. Rutile TiO 2 ϪFGS hybrid (10 wt % FGSs) electrode was prepared with a mass ratio of hybrid and PVDF binder at 90:10 without Super P. The resultant slurry was then uniformly coated on an aluminum foil current collector and dried overnight in air. The electrolyte used was 1 M LiPF 6 dissolved in the mixture of ethyl carbonate (EC) and dimethyl carbonate (DMC) with the volume ratio of 1:1. The coin cells were assembled in an argon-filled glovebox. The electrochemical performance of TiO 2 Ϫgraphene was characterized with an Arbin battery testing system at room temperature. The electrochemical tests were performed between 3ϳ1 V vs Li ϩ /Li and C-rate currents applied were calculated based on rutile TiO 2 theoretical capacity of 168 mAh/g.
